ABSTRACT Motivation: Transmembrane chemoreceptors in Escherichia coli utilize ligand-binding domains for detecting various external signals. The structure of this domain in the E.coli aspartate receptor, Tar, is known and its signal transduction mechanism is under investigation. Current domain models for this important sensory module are inaccurate and, therefore, cannot reveal the distribution of this domain within the current genomic landscape. Results: We carried out sensitive and exhaustive PSI-BLAST searches initiated with the sequence corresponding to a known structure of the four-helix, ligand-binding domain of the aspartate chemoreceptor. From the resulting sequences, we built a multiple sequence alignment for this domain family, which confirmed that the current TarH model is erroneous and fails to detect most of the domain homologs. In the process, we developed a technique that visualizes the secondary structure prediction of each protein sequence in order to improve the multiple sequence alignment. We found that the four-helix up-and-down bundle represents a large domain family and includes representatives of all major classes of prokaryotic signal transduction, namely histidine kinases, di-guanylate cyclases and chemotaxis receptors. Contact:
INTRODUCTION
Escherichia coli detects several attractant and repellent compounds using transmembrane chemoreceptors (also known as methylaccepting chemotaxis proteins or MCPs) that transmit information to flagellar motors via a signal transduction pathway (Falke and Hazelbauer, 2001; Sourjik, 2004) . Many other motile bacteria and archaea have homologous pathways for regulating motility, and MCPs comprise a large protein superfamily (Zhulin, 2001) . All MCPs have a conserved signaling domain and variable sensory domains. The structure of the sensory (ligand-binding) domain of the E.coli chemoreceptor, Tar, has been solved (Milburn et al., 1991; Bowie et al., 1995) and revealed an antiparallel four-helix bundle. Three other transmembrane chemoreceptors of E.coli-Tsr, Trg and Tap-were proposed to have homologous ligand-binding domains based on limited sequence similarity (Zhulin, 2001) . More recently, a good quality 3D model of the Trg ligand-binding domain has been built using the Tar crystal structure (Peach et al., 2002) . * To whom correspondence should be addressed. Fig. 1 . Overview of the VISSA process. For each sequence in a multiple alignment, its secondary structure is predicted and both the alignment and structural information stored in an XML document. This XML data is then visualized by coloring/shading the amino acids that correspond to the predicted secondary structure elements.
The model was consistent with previously obtained mutational data and is strongly supported by selective formation of disulfides between introduced cysteines (W. Lai and G.L. Hazelbauer, personal communication).
Both leading domain databases, Pfam (Bateman et al., 2004) and SMART (Letunic et al., 2004) , contain a domain model called TarH (accession number SM00319), which has been built from the multiple alignment of protein sequences corresponding to the ligand-binding domains of Tar, Tsr, Trg and Tap from E.coli and closely related enteric bacteria, and three sequences of predicted ligand-binding domains from the Bacillus subtilis chemoreceptors McpA, McpB and TlpB. The Pfam and SMART TarH models recognize 79 and 42 sequences in the non-redundant database, respectively. Because McpA, McpB and TlpB contain a Cache domain (Anantharaman and Aravind, 2000) as their core ligandbinding element (which is not present in E.coli chemoreceptors), we questioned the appropriateness of their alignment to the E.coli Conserved residues and their positions are colored with the ClustalX scheme using Jalview (Clamp et al., 2004) : orange, glycine (G); yellow, proline (P); blue, small and hydrophobic amino acids (A, V, L, I, M, F, W); green, hydroxyl and amine amino acids (S, T, N, Q); red, charged amino acids (D, E, R, K); cyan, histidine (H) and tyrosine (Y). (B) An alignment of the same 30 members illustrating the VISSA visualization. Regions containing predicted alpha helices and beta sheets have the background shaded red and blue, respectively. The intensity of each shade is directly proportional to the confidence of a given prediction-a darker intensity representing a higher confidence. The identifier for each sequence consists of a species abbreviation, the Genbank identifier, and the coordinates of the sequence. ligand-binding domains in the TarH model. Furthermore, the TarH alignment contains several large gaps introduced by including the B.subtilis sequences and is of an overall poor quality.
METHODS
We began the domain analysis by initiating an exhaustive and sensitive PSI-BLAST search (Altschul et al., 1997) against the non-redundant database (May 13, 2005) with residues 34-190 of the ligand-binding domain from the E.coli Tar chemoreceptor. This region is flanked by two transmembrane helices and encompasses the entire solved structure (residues 39-178) of this sensory domain. PSI-BLAST searches (E-value cutoff 0.01) were continued until no new homologs were identified. Because this domain is highly alpha-helical, a search was stopped upon hits to unrelated random coils such as those found in myosin-or laminin-like proteins. Partial and duplicate sequences were excluded from this analysis.
Multiple sequence alignments were constructed using the MUSCLE (Edgar, 2004) and ClustalW (Thompson et al., 1994) programs and manually adjusted. While editing this alignment we developed VISSA (Visualization of Secondary Structure elements for Improving multiple Alignments), a technique that involves visualization of predicted secondary structure elements (using color) on each sequence within an multiple sequence alignment (MSA). This visualization allows a rapid check for consistency between the MSA features (e.g. gaps) and the predicted secondary structure. The VISSA technique consists of two steps: data processing and visualization ( Fig. 1): (1) Data processing: A CLUSTAL-formatted MSA is loaded into memory and the secondary structure of each sequence is predicted using PSIPRED (Jones, 1999) . The alignment, prediction results and various metadata are stored in an XML file. In addition to the alignment, this XML file contains the predicted secondary structure and confidence values for each sequence in the MSA. (2) Visualization: The results within the XML data file are then visualized by creating an HTML document, which has the background of alpha helices and beta strands shaded red and blue, respectively, in proportion to the confidence of each prediction-darker shades representing a higher confidence value. The text color of loop regions is shaded in a similar fashion.
Sequence conservation information and the visualized secondary structure of the four-helix bundle domains enabled us to produce a much better quality alignment. Domain architectures were predicted using the HMMER2 software package (Eddy, 1998) and the Pfam (version 17.0) and SMART (version 4.0) domain libraries. Signal peptides and transmembrane regions and their topology were assigned using Phobius (Kail et al., 2004) . The secondary structure of each homolog was predicted using PSIPRED (Jones, 1999) . Sequence logos based on the information content were created with the Berkeley weblogo server (Crooks et al., 2004) . The 3D structure of the Tar ligand-binding domain (PDB accession 2ASR) was visualized using the PyMOL Molecular Graphic System (www.pymol.org).
RESULTS
Exhaustive PSI-BLAST searches resulted in the detection of more than 700 copies of the domain, which we termed 4HB_MCP for a four-helix bundle found predominantly in the N-terminal region of MCPs. These results are in striking contrast to the performance of the current TarH model in domain databases, which recognizes relatively few sequences. None of the searches detected the 4HB_MCP domain in the McpA, McpB and TlpB proteins that were used in the seed alignment for the TarH model, thus confirming its deficiency.
Representative and complete multiple sequence alignments of the 4HB_MCP domain were constructed and edited using the VISSA technique, which revealed several inconsistent features in the alignment (Supplementary Figure S1) . For example, gaps have been placed inside predicted alpha helices and structural elements have been misaligned in several sequences. Efficient visualization of anomalies allowed us to quickly edit the alignment for consistency in both sequence and secondary structure conservation. VISSA readily shows the four alpha helices of this domain and the alignment is consistent with each protein's predicted secondary structure. The revised seed and complete alignments are shown in Supplementary Figures  S2 and S3 , respectively. The representative alignment (Fig. 2) and its information content (Fig. 3) revealed several conserved residues. The most conspicuous ones are two tyrosine residues in the second and third alpha helices that appear to interact in maintaining the bundle as revealed by visualizing the corresponding positions in the Tar structure (Fig. 3B) . The overall conservation pattern of hydrophobic and polar residues reflects the coiled coil nature of this domain. No obvious conserved binding sites can be seen within the alignment, which is expected as known homologs bind very different ligands: aspartate and maltose-binding protein by Tar, serine by Tsr, ribose-and galactose-binding proteins by Trg, and dipeptides by Tap (Falke and Hazelbauer, 2001) . Interestingly, the recently described CHASE3 domain family (Zhulin et al., 2003) was found to comprise a relatively small (approximately 12%) subfamily within 4HB_MCP. The 4HB_MCP containing sensory proteins were found in many major bacterial lineages; however, it is completely missing from eukaryotes and there are only few instances of their presence in Archaea, which are possibly the result of horizontal gene transfer. This fact strongly suggests a bacterial origin for the 4HB_MCP domain.
Domain architectures of all 4HB_MCP-containing proteins were determined using the Pfam and SMART domain libraries (Fig. 4) . The 4HB_MCP domain was found in four major classes of prokaryotic signal transduction: MCPs, sensor histidine kinases, di-guanylate cyclases and diesterases, and guanylate/adenylate cyclases. Furthermore, this domain is found as an orphan sensory domain and also in combination with other sensory domains as an (Bateman et al., 2004 independent signal transduction module. The 4HB_MCP domain is always found between two predicted transmembrane helices, indicating that it solely detects extracellular signals. In most cases, this domain is associated with a cytoplasmic HAMP domain (Aravind and Ponting, 1999) suggesting that most 4HB_MCP proteins might share the mechanism of transmembrane signaling, which has been extensively studied in E.coli chemoreceptors (Ottemann et al., 1999) .
In conclusion, we have identified a large domain superfamily that plays an important role in detecting extracellular signals by bacterial transmembrane receptors involved in various signal transduction pathways. Furthermore, we have developed a visualization technique that uses secondary structure predictions to facilitate producing an accurate alignment of related protein sequences.
